Abstract. To better understand the role of exudates in cadmium (Cd) speciation and biouptake by the bacterium Sinorhizobium meliloti, the content of various exudate components, including siderophores, proteins and polysaccharides, was quantified in the absence and presence of 10 µM Cd at pH 5.0 and pH 7.0. The obtained results demonstrate that the release of exudates by S. meliloti is a constitutive process rather than one induced by the presence of Cd. Nonetheless, exudates complex Cd and significantly reduce its free ion concentration. Cd bioavailability to S. meliloti was characterized by the amount of adsorbed and intracellular Cd. Adsorbed Cd at pH 5.0 was higher than that at pH 7.0, which is consistent with the higher free Cd concentration and lower amounts of exudates released at that pH. The observed reduction in intracellular Cd at pH 5.0 compared with pH 7.0 was attributed to the prevailing competition between protons and Cd ions for transport sites.
Sinorhizobium meliloti (formerly Rhizobium meliloti) is a common bacterium in soil and rhizospheres. It produces various exudates, including exopolysaccharides and siderophores. Exopolysaccharides are known to participate in the adhesion of the bacteria to surfaces, including plants roots. [1] They may improve nutrient acquisition, protect the plant from environmental stressors or function as signalling molecules. [2] Their structure, macromolecular properties, biosynthesis and biological function have been reviewed. [3] Moreover, their proton and Cd binding properties have been recently characterized. [4] The last study revealed that exopolysaccharides might play a role in the environment by complexing Cd and reducing its free ion concentrations, if present in sufficiently high amounts. Siderophore excretion by S. meliloti, mainly of hydroxamates, has been also reported. [5, 6] In addition to their extremely high affinity to iron, siderophores might complex other metals, including Cd. [7] Extracellular protein secretion by several Rhizobium strains has also been recently demonstrated. [8, 9] Because the concentration and the speciation of metals in soil solution, rather than their total soil metal concentrations, determine metal bioavailability and ecotoxicity to soil microorganisms, [10] the secretion of exudates can be expected to influence Cd bioavailability by decreasing the free Cd concentration in the medium. Nonetheless, it is currently unclear to what extent bacterial exudates could affect metal speciation and bioavailability in the environment.
The present work focuses on the role of exudates on Cd speciation and bioavailability by rhizobacterium S. meliloti. More specifically, the content of different exudate components including total protein, siderophore and exopolysaccharide was determined in the presence and absence of Cd. Cd bioavailability to S. meliloti was characterized by measurements of adsorbed and intracellular Cd concentrations and further related to the free Cd concentration in the experimental medium. The relationship between Cd speciation and bacterium bioavailability was explored at pH 5.0, which represents typical soil-solution pH at the rhizosphere proximity (i.e. pH range from 4.5 to 6 [11] ), and pH 7.0, corresponding to the pH optimal for alfalfa plant growth (i.e. pH range from 6.6 to 7.5 [12] ).
Experiments were carried out with rhizobacterium S. meliloti strain 1021 grown aerobically into a rhizobium minimal growth medium as previously described. [4] At the end of the exponential growth phase, bacteria were isolated, washed and suspended into model experimental medium. Experimental medium consisted of 10 −2 M MOPS (3-(N-morpholino)propanesulfonic acid), adjusted to pH 7.0 or 10 −2 M MES (2-(N-morpholino)ethanesulfonic acid), adjusted to pH 5.0 by addition of NaOH. Medium was spiked with Cd(NO 3 ) 2 to 10 µM Cd (total concentration), which is comparable to highly polluted soil solution. To ensure the constant cell density throughout the experiments, the optical density of the bacterial suspensions was measured at 600 nm for each experimental run. The experiments were performed at a bacterial density corresponding to OD 600 of 1.7 ± 0.1. At the given exposure time, bacterial suspensions were centrifuged and the supernatant was filtered through a 0.22-µm membrane. Dissolved Cd was measured in the filtrates. Adsorbed and intracellular Cd were distinguished by washing the bacterial pellet with 10 −3 M EDTA (EDTA, sodium salt). [13] Adsorbed Cd was determined in the EDTA extract, while intracellular Cd was measured in the digest of the bacterial pellet after addition of 500 µL concentrated HNO 3 (suprapur, Baker) and heating at 90 • C for 1 h. Dissolved, adsorbed and intracellular Cd concentrations were measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES, Plasma 2000, Perkin Elmer). In parallel, Cd free-ion concentrations [Cd 2+ ] were determined in the filtrate by Cd 2+ -selective electrode (Cd 2+ -SE, ThermoOrion Research), as previously described. [4] To decrease the effect of the metal efflux and differences in the bacterial growth between pH 5.0 and 7.0, bioaccumulation experiments were only performed at the 45-min exposure time.
The amount of different exudate components was determined as follows: Total protein content was quantified by using the Bradford assay (Bio-Rad Protein Assay) and expressed in mg L −1 of bovine serum abumin equivalents. [14] Total siderophore content was measured by Chrome azurol S (CAS) assay. [15] The results are present in mg L −1 siderophore equivalent to desferrioxiamine B standard. Total exopolysaccharide content was determined from the glucose detection using the Amplex Red Reagent Assay Kit (Molecular Probes) following polysaccharide hydrolysis. Exopolysaccharide content is expressed in mg L −1 of glucose equivalent. Given that exudate production is dependent on the culture conditions and bacterial growth stage, exudate content was compared at 45 min and 4 days following bacterial resuspension in the experimental medium. Cd binding capacity of the total exudates was determined by the addition of known quantity of Cd(NO 3 ) 2 to the filtered bacterial supernatants at pH 5.0 and 7.0. The conditional stability constants were determined by Scatchard method. [16] All experiments were performed at least twice with different bacterial cultures.
The most important findings concerning release of exudates by S. meliloti, their influence on Cd speciation and bioavailability are presented below. S. meliloti produces measurable quantities of proteins, siderophores and polysaccharides under the studied conditions (Fig. 1) . Concentration of total protein in the MOPS buffer medium (pH 7.0) was significantly higher (∼5 times) at 4 days than at 45 min after suspension of bacterium in experimental medium. Moreover, the protein content was ∼2.5-fold enhanced in MOPS (pH 7.0) compared with MES medium (pH 5.0). It is rather difficult to assign the above findings only to the difference in pH, because the buffer was also reported to affect protein release. In the case of the algae Chlamydomons reinhardtii, the use of MOPS as the pH buffer increased the protein release in the medium in comparison to phosphate buffer at the same pH. [17] Furthermore, to distinguish between the effect of pH and pH-buffer, experiments were performed at pH 7.0, but MOPS was replaced by the rhizobium minimal medium. In this medium, total protein concentrations were about two times lower than those obtained in MOPS thus confirming that buffer nature affects protein release by S. meliloti in addition to pH. Addition of 10 µM Cd resulted in a ∼4-fold decrease in total protein content at pH 5.0 and in a 1.5-fold decrease at pH 7.0 (Fig. 1C) . Decreases in protein content in the presence of Cd, both in the 4-day and 45-min experiments, suggested that protein release was probably not stimulated in response to Cd stress but rather due to a constitutive process that could be inhibited at high Cd concentration such as those used in the present work.
K. Dedieu, T. Iuranova, and V. I. Slaveykova Between 1.0 and 1.5 mg L −1 of siderophores were detected in bacterial supernatant. Obtained values were statistically indistinguishable, both in the pH experiments as well as the 4-day and 45-min experiments. Siderophore content was unchanged after the addition of 10 µM Cd (Fig. 1A) in the 4-day experiment and decreased ∼2-fold in the 45 min experiment (Fig. 1B) . The obtained results imply that siderophore excretion was not induced by the presence of high Cd concentration. The CAS assay, used for siderophore detection in this study, does not provide information about siderophore type. Although, according to the literature data, the siderophores might be expected to include hydroxamates such as Rhizobactin 1021. [18] Exopolysaccharide content was low (Fig. 1E,F ) with no significant difference in MOPS (pH 7.0) and MES (pH 5.0) media in the 4-day and 45-min experiments. Addition of Cd resulted in a ∼2-fold enhancement of the exopolysaccharide concentration at pH 5.0 whereas no significant difference was observed at pH 7.0 in the 4-day experiment. The presence of Cd decreased the exopolysaccharide content in the 45-min experiment. Although no further characterization of the exopolysaccharide fraction was performed, it could be expected that it contains mainly succinoglycan [4, 19, 20] and galactoglucan. [18] Complexation properties of S. meliloti exudates to Cd were explored by measurement of free Cd concentrations following the addition of increasing Cd to the bacterial supernatants at pH 5.0 and 7.0. The measured Cd 2+ was lower than added Cd for both pH values. The ratio of total to free Cd, [Cd] tot : [Cd 2+ ], at pH 5.0 was smaller than at pH 7.0 (Fig. 2) . This is consistent with stronger competition between Cd ions and protons at pH 5.0 for the binding sites of exudates, as well as lower concentrations of proteins present in the medium at pH 5.0. Conditional stability constants and total ligand concentrations were determined by Scatchard plot to be 10 bacterial cells release exudates that are able to complex Cd under the studied conditions. The next step in the present study was to verify whether the exudates released into the medium might affect Cd bioavailability to the bacterium. According to the free ion activity model and its more recent extension, the biotic ligand model, [21] Cd availability to bacterium could be expected to decrease when sufficiently high concentrations of exudates were released in the medium due to the reduction in the free Cd ion concentration. Following the release of higher amounts of exudates at pH 7.0 and the measurement of lower Cd 2+ at that pH, it could be expected that Cd bioavailability to S. meliloti will be lower at pH 7.0 than at pH 5.0. This hypothesis was tested by determination of the adsorbed and intracellular Cd in the presence of 10 µM Cd, as a measure of Cd bioavailability in parallel with Cd 2+ measurement in the medium.
Adsorbed Cd followed (at least qualitatively) the free Cd ion rather than total Cd concentration. For the same total Cd concentration, [Cd ads ] at pH 5.0 was higher than that at 7.0 (Fig. 3C) in agreement with the higher Cd 2+ and lower exudate concentrations. In contrast, intracellular Cd was lower at pH 5.0 than at pH 7.0 (Fig. 3D) , although higher free Cd concentration was observed at pH 5.0 (Fig. 3B) . This observation could be attributed to the competition of protons with Cd for uptake sites. If the proton is a direct competitor for Cd transport sites, then an increase in proton concentration (decrease in pH) can either decrease or have no effect on intracellular Cd for given Cd 2+ concentration. Therefore, the ratio of [ ] increased from ∼1.5 to 2.0 with increase of pH from 5.0 to 7.0, corresponding to [Cd 2+ ] of 1.1 µM and 0.6 µM, respectively. Moreover, the amount of the adsorbed Cd was ∼10-fold higher than intracellular Cd at pH 7.0 and ∼15-fold at pH 5.0. This implies that either Cd transport into the cell is very restricted, or Cd was rapidly driven out of the cell. This observation is in agreement with literature concerning Cd uptake by other Rhizobium strains, where wall-bound quantities were much higher than intracellular level for sensitive, moderately tolerant and tolerant bacterial isolates. [22] Although it is now well accepted that a large proportion of metals are complexed in soil solution, very few metal-binding ligands have been unambiguously identified. In this study, we have shown that S. meliloti rapidly produces Cd-binding ligands, including siderophores and proteins. The release of exudates seems to be a constitutive process rather than in response to Cd stress. Nonetheless, the exudates reduced free Cd concentration in the medium and Cd adsorbed to bacterium. Intracellular Cd concentration was also affected by protons competing with Cd ions for the bacterial transport sites. In summary, the obtained results suggest that exudates could play a more important role at high pH (e.g. pH 7.0) due to the higher level of released exudates and lower concentration of protons, which compete with Cd for both the complexing sites of exudates and bacterium biouptake sites. Further work is underway to better elucidate the role of exudates at different Cd concentrations as well as to determine Cd biouptake characteristics for this bacterium in a large concentration range and in the presence of different competitors.
The present communication provides new information necessary for further improvement of our understanding of Cd speciation and bioavailability in polluted soil solutions. This understanding could be very helpful for mechanistically based prediction of the impact of toxic metal pollution on bacteria, given that the current practice for the impact of the toxic metals, including Cd, to bacteria are based on the averaged measurements of parameters such as respiration, viability, carbon biomass or genetic structure. [23, 24] 
